Introduction
The use of computer simulation models to predict the behavior of agricultural systems is a growing area of research. A validated computer model would enable researchers to predict the effect of drainage design, water table management and fertilizer application on nitrate loads in the subsurface drainage at their sites. The use of computer simulation models may significantly enhance our understanding of different ecosystems. Modeling nitrate interactions with both soil and water may determine changes needed in farming practice to minimize nitrate concentrations in drainage water. A model that has been designed for nitrate modeling is DRAINMOD 5.1 (Breve et al., 1997) .
DRAINMOD is a computer model, initially developed in the early 1970s (Skaggs, 1975) and validated for the simulation of drainage, subirrigation and controlled drainage systems in poorly drained soils (Skaggs, 1978) . Since its inception, DRAINMOD has been updated several times to further extend the model's capabilities (Skaggs, 1980; Skaggs et al., 1988; Workman et al., 1994; Fernandez et al., 1998 , Breve et al., 1997 . These modifications to the model have enabled its use for many different applications, including water quality modeling. DRAINMOD 5.1 (DRAINMOD-N, Skaggs 1991) had two main additions made to it. First, DRAINMOD 5.1 was given a Windows interface to the program allowing PC users to be more comfortable using the program on a Windows machine. Second, the program now was given the ability to model nitrogen outputs in response to drainage system design and management.
If DRAINMOD 5.1 can be validated for these applications, it could be used to determine field nitrate losses and facilitate the design of new drainage practices. Drainage systems designed to reduce nitrate leaching could then be installed and operated. Accurate modeling would facilitate the optimization of food production by aiding the design of drainage systems that optimize plant growth, and reduce nitrate leaching into surface and ground water. The ability to accurately model nitrate interactions in the field could potentially be used as a tool to help reduce the threat to drinking water from these sources and, over a period of years, reduce the hypoxia in the Gulf of Mexico.
The objective of the project was to determine whether DRAINMOD 5 .1 could accurately model  water table responses to water table management practices (controlled drainage and  subirrigation) . In addition, the project aimed to validate this model when used to predict nitrate concentrations in drainage discharge. Climatic, soil, water quality and hydrologic data collected at the site during 1996 and 1997 were used to calibrate and validate DRAINMOD 5.1. This would be the first validation of the combined drainage mode of DRAINMOD 5.1 using field data from a poorly drained silt loam soil.
Methods and Materials

Field experiment location and design
This study was conducted at the Piketon Research and Extension Center located at Piketon, Ohio. The water table management research facility consisted of 12 plots (Figure 1) , established in 1990. The soil is Omulga silt loam and is poorly drained. The profile is comprised of four soil layers located at 0-25, 25-75, 75-150, and 150-250cm in depth. A fragipan is located approximately 75 cm below the soil surface compromising the third soil layer. The available water holding capacity of the soil is low and a seasonal high water table exists at a depth of 0.3-0.6 m (1-2 ft) from November to May. The major limiting factor of this soil for agricultural use is this high water table, which can be controlled using subsurface drains to make the land suitable for cropland and pastures (Hendershot, 1990) . Each research plot was 15 m wide and 30 m long. Three parallel, 100 mm (4 in) corrugated plastic drains were placed immediately above the fragipan in each plot at a spacing of 5 m (16.5 ft). The laterals were connected by a 100 mm (4 in) non-perforated PVC pipe to an outlet in a 2.4 m x 2.4 m x 1.8 m (8 ft x 8 ft x 6 ft) manhole, each manhole was equipped with electricity and metered water.
Each drain was connected to a meter during irrigation to record the amount of irrigation added to each plot. Plastic barriers were buried around the plots to a depth of 0.9 m to limit lateral seepage. Berms were built around each plot to collect runoff that drained into the manhole through a separate pipe. A 1.6 ha (4 acre) reservoir and pumping system was located adjacent to the research plots for water supply. The capability existed to operate the plots using the following drainage practices: drainage only; controlled drainage; and subirrigation.
Since 1995, a corn-soybean rotation has been implemented under no-till conditions. Using no-till allowed the plots to be in controlled drainage mode for a longer period of time. During the period of this study (1996) (1997) , urea-ammonium fertilizer was applied each year at a rate of 181.4 kg N/ha to the experimental plots planted with corn. The nitrogen applied to the corn crops was done using a split treatment. The first application was 36.7kg/ha on day 150 and the second application was applied at a rate of 144.7 kg/ha on day 197. No nitrogen was applied to the soybean plots. The corn-soybean rotation was evaluated on both the drainage only and coupled (controlled drainage with subirrigation) systems.
The treatments were: corn phase with drainage only; soybean phase with drainage only; corn phase with a coupled system; and soybean phase with a coupled system. Each treatment was replicated three times. In the subirrigated-controlled drainage plots ( Figure 2 ) the drains were closed off in late fall, after harvest, to induce ponding at the surface and create anaerobic conditions within the soil. In early spring the plots were drained to allow the water table to be lowered for planting and seedling emergence. In summer when the water demands of the crop exceeded the available soil moisture, the plots were subirrigated to reduce drought stress and increase biomass production. The plots were drained at the end of the growing season to allow access for harvest. After the harvest, the drains and runoff collectors were sealed to raise the water table again and induce wetland conditions that favor denitrification. Drain outlets in plots using conventional drainage were unimpeded throughout the year. 
Sample Data Collection Techniques
Runoff catchment grates, located in each plot, collected runoff for volume measurement and nitrogen analysis. Stainless steel, calibrated tipping pans with a slot to capture a proportional 1% sample of the flow were used to measure the volume of runoff and subsurface drainage and obtain water samples for analysis. Tipping rates were recorded by a pulse counter and CR10X data recorder (Campbell Scientific Inc). The flow-weighted, composite samples collected by this equipment were collected in acid-washed Mason jars. Samples were transferred to 60 ml polyethylene bottles for transport to the on-site laboratory and refrigerated until analysis. Water samples were filtered (Whatman 4 filter paper) to remove suspended particles and analyzed for ammonia and nitrate using an Orion 720A meter with an Orion model 95-12 Ammonia Electrode. Ammonium ions were converted to ammonia in an alkaline solution and the ammonia concentration was measured with an ion selective electrode. Ammonia concentrations were reported as daily averages. Nitrate was reduced to ammonia by titanous chloride and the ammonia concentration was measured with an ion selective electrode. Actual nitrate was calculated as the difference between the two measurements [(NH 3 + NO 3 ) -NH 3 = NO 3 ]. Nitrate concentrations were reported as daily averages.
Two water table observation wells were located in each plot, one above the drain-line and the other midway between the drainlines. Pressure transducers in these wells were connected to dataloggers, allowing the water table elevations to be recorded on an hourly basis. Manual measurements were also taken weekly using an immersible water level sensor to check the validity of these automatic measurements.
During December, 1999 field measurements were made to quantify deep seepage. In the experimental plots the drains were closed and water was pumped in to raise the water table to the soil surface. Deep seepage was determined by measuring (over a period of ten days) the volume of water needed to maintain the water table at the surface under steady state conditions.
Computer Modeling
The study was conducted using a PIII-700 IBM pc with 256 meg of ram. Software used in this study included DRAINMOD 5.1, Microsoft Excel 2000, and Windows Notepad. Microsoft Excel 2000 was used to graph the outputs generated by DRAINMOD 5.1 to create clearer graphs than those generated internally by DRAINMOD 5.1. Notepad was used to read the text output files generated by DRAINMOD 5.1.
Sensitivity analysis of the model was conducted on hydrology and nitrogen input parameters. The influence of the following parameters on water table outputs were studied: ET, soil properties, and subirrigation pump capacity. Sensitivity analysis on nitrogen input parameters were also studied including dispersivity, tortuosity, diffusion coefficient, net mineralization, and denitrification rate.
The resulting water table and nitrate loading outputs from DRAINMOD 5.1 were then compared to the field data collected at the Piketon site during 1996 and 1997. Calibration of the model was accomplished using data collected during 1996 and validation of the model was done using data collected during 1997.
Computer Model Simulation Results and Discussion
Water Table Modeling
Initial runs of DRAINMOD 5.1 were done using the conventional drainage setting, using collected field data, recommended default settings, and drainage system design parameters for the inputs to the model demonstrated that calibration of the model was needed because insufficient ET was being calculated.
Correction factors from Indianapolis (found in the Drainmod manual) were initially used in the Thornthwaite equation to estimate the ET for the site (Workman et al., 1994) . Evapotranspiration data from Indianapolis was used because these settings had been used successfully with DRAINMOD previously and are from a similar climate region as the Piketon site. To accurately represent the site, ET needed to be increased.
After altering the Thornthwaite ET correction factors, it was discovered that the water table height was not changing with the modified ET settings. After several attempts, the Thornthwaite option was abandoned, and the monthly potential-evapotranspiration (PET) option was used instead ( Table 1) .
As required, the monthly corrections factors for the Thornthwaite settings were set to one (1), and PET values were provided (Table 1 ) (Fausey, 2000, pers. comm.). It was reported that the entered PET values were maximum total monthly values (Workman et al., 1994) . This was, however, determined to be incorrect; the PET values entered into DRAINMOD acted as maximum daily PET values. When these monthly maximum PET values were inputted into DRAINMOD 5.1 the results underestimated the total PET occurring in every month. The values inputted into the monthly PET form should be considered as maximum daily limits not monthly maximum values. The values in Table 2 The drainage coefficient was determined by analyzing the response of the model to drainage coefficient values ranging between 0.5 and 1.27 cm/day. A value of 1.27 cm/day allowed the predicted water table to decrease rapidly in response to rainfall events during the year. The use of this drainage coefficient reduced the lag time observed with the suggested drainage coefficient. This value also did not predict too much drainage for the site and the water table graph generated using this input more closely resembled the graph generated from field measured data.
A deep seepage test was conducted in December 1999. ET at the Piketon site is minimal during the winter period. With the absence of ET, deep seepage could be determined from the experiment by using subirrigation and keeping a steady state water table near the soil surface. It was determined that the deep seepage had an average value of 0.001 cm/hour for each experimental plot. Using the 0.001 cm/hr value in the model, the modeled water was able to match the recorded values more accurately. With deep seepage determined it was possible to test the models combination method of controlled and subirrigation.
DRAINMOD 5.1 has a "combined" mode in the drainage settings. This mode allowed changes to be made to the weir settings on a daily basis by specifying the month, day, depth, and mode of drainage for the model. This allowed the weirs to be set to the desired height, to control the water table within the plots, and allowed the irrigation to be turned on or off by setting the mode for specific dates.
Initially, problems were experienced when DRAINMOD 5.1 was run in the "combined" mode using the PET settings ( To try and correct this problem, the model was run in "subirrigation" mode. The PET settings (Table 2 ) and other settings were maintained. Using "subirrigation" mode, DRAINMOD 5.1 accurately predicted crop growth and ET rate, but the water table outputs did not predict the water table recorded at the Piketon site.
These problems were reported to DRAINMOD 5.1 programmers (Chesheir and Fernandez, North Carolina State University, 2001). A new version of the hydrology.exe file was created that improved the crop and ET errors in the "combined" mode. DRAINMOD 5.1 was then able to predict water table height, crop growth and ET using PET settings (Table 2) in the "combined" mode ( Figure 2 ). Further modifications to the model were needed in order to improve the modeled water table output.
Sensitivity analysis of the maximum subirrigation pump capacity in DRAINMOD 5.1 (ranging from 0.0 cm/hr to 10 cm/hr) resulted in no change in the output graphs. This anomaly was eventually corrected by another program modification to DRAINMOD 5.1 (Fernandez, 2001, pers. comm.) . Based on data obtained from the deep seepage tests and ET the maximum subirrigation pump capacity for this site was determined to be 2 cm/hr using the corrected version of DRAINMOD 5.1.
To accurately represent the subirrigation occurring at the field site in DRAINMOD 5.1, the cross sectional area of the drainage tile had to be represented by a drainage ditch of equivalent area. The bottom width of the ditch was therefore set to 2 cm. Initial sensitivity analysis (at a drain spacing of 500 cm) of this parameter showed that a bottom width of the ditch (less than 10 cm) had no impact on the model output because the irrigation in DRAINMOD 5.1 was turned off when the bottom width of the ditch was less than 10 cm. Bottom widths of ditches greater than 10 cm did, however, influence the model output because the irrigation in DRAINMOD 5.1 operated at these settings. This anomaly was corrected by a program modification to DRAINMOD 5.1 (Fernandez, 2000, pers. comm.) . Subsequent sensitivity analysis showed the amount of water supplied by subirrigation in DRAINMOD 5.1 was dependent on ditch width. The initial value of 2 cm enabled DRAINMOD 5.1 to improve the prediction of water table heights observed throughout the year to an acceptable level.
Nitrate Modeling
Once DRAINMOD 5.1 had been calibrated to adequately predict the water table at the Piketon site, nitrate modeling was conducted. Initial runs of DRAINMOD 5.1 to predict nitrate concentrations in the drainage water from the conventionally drained plots at the site were conducted using Breve's nitrogen input values (Table 3 ) (Breve, 1997) .
Comparison of the outputs from DRAINMOD 5.1 using values from Breve (1997) and the field values from the Piketon site indicated that modifications to the nitrogen input values in DRAINMOD 5.1 were needed when operating in the combined drainage mode. Initial runs of DRAINMOD 5.1 predicted values of nitrate in the drainage water that compared well to the nitrate concentration recorded from the conventionally drained field plots. When the model was run using the "combined" mode, the outputs showed that the model was over predicting nitrate losses in drainage water. Calibration of DRAINMOD 5.1 in the "combined" mode was therefore needed. DRAINMOD 5.1 did not appear to predict that the conditions prevalent under this water management regime would cause denitrification to increase and net mineralization to decrease. Weather conditions at the site specifically temperature and rainfall events will aid in denitrification and net mineralization.
Sensitivity analysis on dispersivity showed that it had very little effect on the model outputs. Dispersivities between 5 cm and 30 cm were tested. Sensitivity analysis on tortuosity showed that this parameter had very little effect on the model outputs. Tortuosities between 1 and 10 were tested. Sensitivity analysis on the diffusion coefficient showed that this parameter had very little effect on the model outputs. Diffusion coefficients between 0.008 and 0.00003 were tested.
Sensitivity analysis of the net mineralization rate showed that this parameter had a significant effect on the model outputs. Net mineralization rates between 0.0001 day -1 and 0.000001 day -1 were tested. A net mineralization rate of 0.000001 day -1 in conjunction with a denitrification rate of 5 day -1 resulted in a more accurate prediction of the nitrate levels recorded in the drainage water from combined subirrigated and controlled drainage plots. The low net mineralization rate reduced the available nitrate in the soil profile and reduced the concentration of nitrate leached in the drainage water.
Sensitivity analysis of the denitrification rate showed that this parameter had a significant effect on the model outputs. Denitrification rates between 0.005 day -1 and 5 day -1 were tested. A denitrification rate of 5 day -1 in conjunction with a net mineralization rate of 0.000001 day -1 in the "combined" mode resulted in a more accurate prediction of the nitrate levels recorded in the drainage water from the combined subirrigated and controlled drainage plots. Increasing the denitrification rate to 5 day -1 significantly lowered the predicted concentration of nitrate in drainage water to more closely represent the levels measured at the Piketon site.
The modifications to nitrate parameters adjusted the output of the model in "combined" mode so that DRAINMOD 5.1 adequately predicted the trends in nitrate concentrations in drainage water observed. Field data indicated that the average concentration of nitrate in drainage water from plots with combined drainage practices was half that from plots with conventional drainage (12 ppm, annual average). This trend was observed in both years (1996 and 1997) for which data was available. DRAINMOD 5.1 predicted this same trend for cumulative nitrate loads when the denitrification and mineralization parameters were properly adjusted, although discrepancies between the actual cumulative load measured in the field and that predicted by DRAINMOD 5.1 existed.
Statistical Analysis of Measured Parameters and Model Outputs
Student's t-test was conducted on sample means on the following parameters: drainage, runoff volumes and water table heights. To compare the data collected at the field site and the output predicted by the model, the standard deviation for each year was calculated: (365) 
Results and Discussion
DRAINMOD 5.1 did adequately predicting the water table height in conventional drainage and combined drainage (Figure 3 ) in the field plots at the Piketon site once program modifications were made. The use of drainage tile at the site caused significant problems when modeling, because DRAINMOD was derived for use with ditch irrigation. With program modifications and representation of the tile as ditches, the modeling of tile drainage was achieved. A comparison of the observed and predicted water table heights is shown in Figure 3 and Figure 4 for the "combined" mode (plot 211) in 1996 and (plot 223) in 1997, respectively. The standard deviation of water table height for 1996 was 22 cm and for 1997 was 23 cm. Due to crop rotation it was not possible to use the same plot for the two years. Nitrogen modeling by DRAINMOD 5.1 is more limited than the water table modeling options. The current nutrient balance is inadequate and should be replaced or the nitrogen modeling portion of DRAINMOD 5.1 should be linked to an alternate program to achieve this. The nitrate modeling by DRAINMOD 5.1 did, however, predict the trends observed during the field experiments, combined drainage practices reduced nitrate leaching from the soil.
During 1996, water table management at the site was adequate and enhanced yields were observed in the field and predicted using DRAINMOD 5.1. Yields during 1997 were negatively influenced by over-irrigation, so it was difficult to determine the impact of controlled drainage and subirrigation on crop production. Thirty-year predictions of nitrate loads in drainage, mineralization and denitrification were generated using DRAINMOD 5.1 with a continuous corn crop. It was, however, not possible to specify a corn-soybean rotation. The widespread use of crop rotations in agriculture means that this is a serious limitation of this option in DRAINMOD 5.1. To accurately reflect long-term trends in the field, the ability to run thirty-year predictions with crop rotation would be useful. Controlled drainage and subirrigation showed several advantages over conventional drainage: reduced nitrate loads in drainage water; and enhanced crop yields. These trends were observed at the Piketon field site and predicted by DRAINMOD 5.1.
Despite the limitations of DRAINMOD 5.1, it was possible to calibrate DRAINMOD 5.1 to model the water table and nitrate loads in the drainage water in plots using controlled drainage and subirrigation, and conventional drainage in Ohio at a site with a fractured fragipan and poorly drained silt loam soil. It may, therefore, be possible to use DRAINMOD 5.1 to optimize the amount and timing of field fertilization; field drain spacing; and water table depth to maximize nitrate reduction potential and minimize the nitrate leached from field in the Midwest for both short and long term effects. This modeling may enable best management practices to be defined for the reduction of nitrate loads in drainage water. This could have a significant impact on the nitrate loads in the Mississippi River and a subsequent reduction in hypoxia in the Gulf of Mexico.
Recommendations
Several modifications to DRAINMOD 5.1 would result in a significantly more user-friendly and flexible program. An up-to-date user manual is essential. The only available manual for DRAINMOD 5.1 is from 1980 when DRAINMOD was a DOS based program. The windowsbased DRAINMOD 5.1 requires that data be entered into the model in a different manner than is described in the manual.
The nitrogen modeling features of DRAINMOD 5.1 seem to be particularly weak and less flexible than the hydrology modeling features. In DRAINMOD 5.1, it is not possible to enter different denitrification and mineralization rates for different soil water content conditions. Such values (entered into a table that stated when these values would be applicable, similar to the table used in DRAINMOD 5.1 for weir settings) would allow DRAINMOD 5.1 to generate a more accurate representation of the nitrate leaching occurring at the field site. This is particularly relevant when modeling controlled drainage and subirrigation plots in which substantial differences in mineralization and denitrification rates are expected during different drainage regimes (subirrigation, conventional drainage and controlled drainage). For example, higher rates of denitrification are expected during subirrigation and controlled drainage than during conventional drainage. DRAINMOD 5.1 seems to account for the influence of temperature on denitrification and mineralization rates and should take similar consideration for moisture content of the soil profile. Interpretation of outputs from DRAINMOD 5.1 is complicated by the lack of units in the output text files and graphs generated by the program. Column headings on water table output files would facilitate interpretation of the data and troubleshooting the model. Nitrogen output files are adequately labeled, but the water table output files are not. Yields output files from DRAINMOD 5.1 could be formatted to facilitate interpretation. DRAINMOD 5.1 calculates yields as a percentage of the maximum expected (100%) yield. Very little guidance is given on the calculation or determination of this maximum yield.
